ABSTRACT. This study examines the effects of infused human atrial natriuretic peptide 1-28 (hANP) on ovine fetal renal function. hANP was infused into chronically cannulated ovine fetuses of 103-128 days gestation (term 142-152 days) at 1.1 (4), 2.2 (5), and 4.4 (5) ~g / h for 2 h. Isotonic saline was infused in 10 control experiments. The fractional reabsorption of infused lithium was used as a marker of proximal tubular sodium reabsorption. Glomerular filtration rate and urinary water and electrolyte excretion were assessed. The blood pressure and heart rate were unaltered by any dose of hANP. The lowest dose (1.1 pg/h) did not produce any significant changes in glomerular filtration rate, urinary electrolyte or water excretion, or fractional reabsorption of lithium. hANP, at 4.4 pg/h, caused a significant ( p < 0.001) 5-fold increase in the excretion of Na, Cl, and Ca, doubled the excretion rate of K and free water clearance, and significantly increased glomerular filtration rate. Fractional sodium reabsorption and fractional reabsorption of lithium were significantly decreased ( p < 0.001, < 0.01, respectively). The results show that the fetal kidney, at this stage, is as responsive to hANP as is the adult kidney. The natriuretic action of hANP is related to increases in glomerular filtration rate and proximal tubular rejection of sodium (as assessed by fractional reabsorption of lithium). The excessive salt loss of the premature or low birth weight neonate, which also involves increased delivery of filtrate to the distal tubule, may be due to endogenous hANP, circulating at high concentrations. (Pediatr Res 22: 11-15, 1987) Abbreviations hANP, human atrial natriuretic peptide 1-28 GFR, glomerular filtration rate FRN,, fractional reabsorption of sodium FRj,j, fractional reabsorption of lithium UN., K , c,, ca V, renal excretion rate of sodium/potassium/ chloride/calcium CIIzo, free water clearance AVP, arginine vasopressin C,.i, clearance of lithium MAP, mean arterial pressure HR, heart rate
It is well established that the premature or very low birth weight baby cannot maintain normal sodium balance on a standard salt intake (1-3). The lower the gestational age at delivery the more likely it is that the problem will occur (I). This suggests that the inability to retain a normal percentage of the dietary salt intake is somehow related to the level of immaturity of the kidney. One suggestion has been that the immature kidney is relatively insensitive to the sodium-retaining effect of the endogenous aldosterone (4) . However, it has been shown that one feature of the defect is that a larger than normal percentage of the renal filtrate is delivered to the distal tubule, suggesting that too little filtrate is reabsorbed in the proximal tubule (2) . The site of action of aldosterone is the distal tubule and so insensitivity to aldosterone cannot wholly account for the natriuresis. We have suggested previously that the renal function of the premature or growth-retarded neonate might resemble that of the fetus rather than that of the normal newborn, and shown that cortisol has a unique natriuretic effect in the immature ovine fetal kidney (5) . The immature fetal kidney is less responsive to endogenous or exogenous AVP than is the kidney of the nearterm fetus (6, 7) . With the discovery of an endogenous natriuretic peptide of atrial origin (8, 9) it seemed to be important to find out whether this peptide exerted any influence over sodium handling by the immature fetal kidney. This became more potentially important as it was reported that the concentration in fetal blood exceeded that in maternal blood (10) . We therefore examined the effect ofthree infusion rates of hANP in chronically cannulated ovine fetuses early in the last third of gestation.
It has been suggested that the CL, can be used to provide information about the delivery of sodium and water from the proximal tubule to later segments of the nephron (1 1, 12). Even though this has not been rigorously established in the adult or fetal sheep, there is a good correlation between the amounts of lithium and sodium reabsorbed in the proximal tubule of other species ( I 1, 12) and so C , was measured in these experiments. as well as GFR and the excretory rates of Na, K, CI, Ca, and water.
MATERIALS AND METHODS
Animals. The fetuses of 14 cross-bred Merino ewes of known mating dates were used for these studies. The fetuses were cannulated, as described previously (7), between 96 and 105 days of gestation (term in this group of sheep is 145-152 days). Cannulae were inserted under general anaesthesia (2% halothane in oxygen) in one carotid artery, one jugular vein, and transabdominally into the bladder, the ends stoppered, and brought to the exterior through a flank incision in the ewe. No experiments were performed until at least 7 days postoperatively, and experiments were only commenced when the fetal urine osmolality was less than 175 mosmol/kg water. At this urine osmolality the fetus was known to be in the optimal unstressed condition (1 3).
SHINE ET AL.
Daily blood gases and hematocrits were measured and all values were in the normal range at the commencement of each experiment (13) . All experiments were performed in fetuses of 103-128 days of gestation. Not all fetuses received all three infusion rates of hANP but each fetus that received at least one hANP infusion was also subject to a control experiment when vehicle only was infused.
Experimental protocol. On the day of the experiment fetal urine was drained for at least 30 min and then discarded. Hourly urine collections were made for the subsequent 6 h, during which time a solution of sterile isotonic saline containing 0.5 &/ml of "Cr-EDTA and 54 f 0.6 (25) mmol/liter (mean f SEM, n) Li was infused at 1.9 ml/h, using a Braun Perfusor VI pump. The 1st h was the equilibration period, the 2nd h the control period, and in the control experiments no hANP was added. In the test experiments hANP, synthesized in the Howard Rorey Institute by Wade et al. (14) , was added to the infusate in sufficient concentration to produce infusion rates of the peptide of 1.1, 2.2, or 4.4 pg/h, for 2 h. The ANP was not infused for the last 2 h of the 6-h period, which served as postcontrol periods. Fetal arterial blood samples (2.2 ml) were collected at the midpoint of each urine collection period for the estimation of plasma osmolality, electrolytes, Li, and 51Cr-EDTA concentrations. A total of 13 ml blood was removed from each fetus over the 6-h period. Each sample was immediately replaced with an equivalent volume of isotonic saline. Throughout the entire experimental period MAP and HR were recorded from the arterial cannula, using a Gould Statham transducer.
Sample analysis. Plasma and urine osmolalities were measured by freezing point depression in an Advanced Osmometer (model 3CII). Na and K concentrations were measured on a Beckman System E2A Electrolyte Analyzer; C1 was measured using standard Technicon Autoanalyzer techniques; urine ionized Ca concentrations were measured by a Radiometer 1 CA 1 Ionized Calcium Analyzer. The concentration of 5iCr-EDTA, in urine and plasma, was assessed by counting in a Packard Autogamma Spectrometer 52 10.
Li was measured in plasma and urine using a Varian Spectra AA-40 atomic absorption spectrophotometer. The plasma blank was 0.04 f 0.01, (17) mmol/liter (mean + SEM, n), while the urine blank was indistinguishable from zero. Fetal urines were diluted 1/50 and plasma 1/10 with an ionization suppressant consisting of K at a final concentration of 2 mg/ml in deionized water with 0.1 % Triton X-100. The interassay coeffiicent of variation determined by 20 assays of a standard plasma was 8.87%. The rate of infusion was such that all plasma values fell between 0.2 and 0.3 mmol/liter. GFR was calculated from the standard formula: U.V/P for "Cr-EDTA. CH20 was calculated from the formula:
Fractional Na and Li reabsorption rates were calculated by the formulas:
Statistics. Data were analyzed on a Series I computer by a two-way analysis of variance with t test for multiple comparison of specific time points.
RESULTS
The infusion of hANP, at any of the three rates, was not associated with any significant change in fetal mean arterial blood pressure. The mean arterial blood pressure was 43.5 f 1.92 (5) mm Hg, in the control period at the highest dose, and was 45. Uc-V increased significantly during the 2nd h of both the 2.2-and 4.4-pg/h infusions of hANP ( p < 0.01) and the maximum reached was 18.6 6.9 (5) pmol/h from a control value of 4.4 k 0.9 pmol/h (Fig. 3) . UclV increased maximally, at the highest dose, from 0. (Fig. 4) . corresponds to an infusion rate of 70-140 pg/h in the adult of 35 kg. When euvolemic conscious adult sheep of the same breed were infused intravenously with hANP at 20, 50, 100, and 500 pg/h for 60 min no natriuresis was observed until the 100-pg/h dose. This rate of infusion, into sheep of 35-45 kg, increased urinary sodium excretion from 96 f 19 to 155 f 73 pmol/min in four sheep (Parkes D, personal communication). Thus it would seem that the kidney of the immature fetus is as responsive, if not more so, as that of the adult. Until the clearance rates of hANP, in both adult and fetus, have been determined, it is not possible to know exactly how these infusions altered the peripheral blood concentrations of the peptides. In the adult the maximum diuresis and natriuresis occur in the 1st h and the effect DISCUSSION decreases, although it is still significant in the 2nd h (15). It is not known whether ANP crosses the placenta in the sheep. If it The major finding herein is that the ovine fetal kidney, by the does cross the placenta then it would possibly take more than 1 beginning of the last third of gestation, is sensitive to the natri-h for stable blood levels to be achieved by infusion. This could uretic effect of hANP. If we assume that the fetuses in this study provide one explanation for the difference in time course of weighed between 1 the placenta then the observed results probably occur at an even lower blood concentration in the fetus than in the adult sheep. If blood concentrations of ANP and/or clearance rates were measured this question could be resolved.
The mechanism by which ANP exerts its effects is still a matter of debate. Urinary excretion of electrolytes can be measured with greater accuracy than can GFR. Thus one cannot over interpret the finding that UN,V increased at a lower infusion rate than did GFR. Very small changes in GFR, which did not necessarily reach a level of significance, could still account for the observed increment in Na excretion, particularly if glomerulotubular balance were disrupted. However, the fact that fractional reabsorption of Li was decreased quite significantly at the 4.4-pg/h infusion rate, when Na excretion was increased 5-fold, would suggest that these parameters were linked. As Li reabsorption correlates in some species with Na reabsorption in the proximal tubule (1 1, 12) it may be that at least some of the effect of hANP in the fetus was due to proximal tubular rejection of Na. A number of studies in adult rats and dogs have concluded that at least part of the natriuresis induced by ANP is associated with decreased proximal tubular reabsorption of sodium (1 6-1 8) . The fact that C H~O increased, in the absence of a drop in urine osmolality, indicates unequivocally that increased delivery of fluid to the distal segments occurred.
As amniotic pressure was not measured simultaneously with arterial pressure it is just possible that no decrease in arterial pressure was seen during hANP infusions because amniotic pressure was simultaneously increasing. This is unlikely, however, as there was no change in HR.
The absence of any change in blood pressure may reflect the absence of vascular receptors in the fetus at this period of gestation. Alternatively, the difference in the fetal and adult circulations may account for lack of effect of hANP. In the adult, conscious sheep, the major circulatory effect of ANP is to lower the cardiac output (15, 19, 20) . With a significant amount of the blood returning to the fetal heart coming from the umbilical vein, it may be that the umbilical vessels lack ANP receptors.
The exaggerated NaCl loss by the kidney of the premature or very low birth weight neonate has been attributed, in part, to increased delivery of fluid to the distal tubule (2). It has already been shown that increased blood cortisol concentrations can have this effect on the immature kidney (5) . Another explanation could be that such infants have high circulating blood levels of ANP. In two recent communications it has been shown that plasma immunoreactive atrial natriuretic peptide is higher in premature, low birth weight infants than in normal term neonates (21, 22) . In these studies it was not possible to correlate absolute plasma ANP concentrations and urinary sodium excretion, suggesting that not all the immunoreactive peptide was biologically active. However, the present report demonstrates that the immature ovine fetal kidney is fully responsive to infused hANP. It is possible that elevated plasma ANP concentrations do play a part in the control of sodium balance in premature human neonates.
